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Abstract

Natural convection can have a major impact on the melting process during charging in a latent heat storage system. Heat
transfer enhancement by natural convection depends strongly on the dimensions, material properties and boundary conditions of
the storage system. In complex geometries, such as shell-and-tube storage systems with extended fins, a good approximation of the
impact of natural convection on the melting process is very difficult. There are no correlations for such geometries, and simulations
of these storage systems require extensive computational effort. In the present work, we analyzed the impact of natural convection
in four vertical shell-and-tube extended fin systems with a common tube height. To investigate the influence of the tube height, one
of the fins was additionally modeled with two further tube heights.

We scaled the resulting liquid fraction evolutions into a dimensionless form and used a convective enhancement factor to assess
the strength of natural convection. A linear fit function for the mean convective enhancement factor was derived to estimate the
melting process considering natural convection. With it, natural convection may be incorporated into the design process of storage
systems to optimize the charging time.

The results indicate a negligible impact of natural convection in fins with a small tube spacing and a high fin fraction. There is a
considerable impact from natural convection in fins designed with a large tube spacing and a low fin fraction. However, large fin
heights lead to decreased heat transfer enhancement by natural convection.
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Nomenclature

Latin

A aspect ratio, A = H/W

a thermal diffusivity, [a] = m?/s

B momentum source coefficient, [B] = (Pa s)/m?
c mushy zone constant, [C] = (Pa s)/m?

¢y specific isobaric heat capacity, [c,] = ]/ (kg K)
D, tube distance, [D;] = m

e, unit vector in y-direction

F, buoyancy term, [F,] = Pa/m
Fo Fourier number

fi liquid phase fraction

g gravity constant, [g] = m/s?

H height, [H] = m

h specific enthalpy, [h] = J/kg

k thermal conductivity, [k] = W/(m K)

p pressure, [p] = Pa

Q heat transfer rate, [Q] = W

q’ heat flux, [q"] = kW/m?

L latent heat, [L] = kJ/kg

Ra Rayleigh humber

S source term in energy equation, [S,] = W/m?
Sy source term in momentum equation, [S,] = Pa/m
Ste Stefan number

T temperature, [T] = °C

t time, [t] = s

Pr Prandtl number

u velocity vector, u = (u, v, w) "

u x-velocity, [u] = m/s

v y-velocity, [v] = m/s

w z-velocity, [w] = m/s
w width, [W] = m

x,y,z coordinates, [x,y,z] = m

Greek

B thermal expansion coefficient, [f] = 1/K
I3 convective enhancement factor

U dynamic viscosity, [u] = Pas

v kinematic viscosity, [v] = m?/s

& half melting range in melting point model, [¢] = °C
p density, [p] = kg/m?3

Subscripts

0 initial value

cond  conduction

conv  convection

| liquid

lat latent heat content

m melting point

max maximum

ref reference

S solid

sens sensible heat content

w wall

Symbols

4 nabla operator: V = (d/dx,d/dy,d/0z)
A finite difference

1. Introduction

Climate change and its consequences are becoming
increasingly evident [1]. Sustainable energy sources and large-
scale energy storage are part of a solution to stop climate
change. An important contribution to the future energy mix is
thermal energy storage [2]. A goal with thermal energy storage
is to make use of low cost and sustainable storage materials to
implement large storage capacities and supply energy flexibly.
In a thermal energy storage with a phase change on the storage
material side, the latent heat of fusion stores large amounts of
energy per unit volume in a narrow temperature range. There
are various concepts for storing thermal energy in phase
change materials (PCMs), discussed in general in [3]. The
concept discussed in this paper is the shell-and-tube storage
concept. This concept has been discussed by several authors,
including a clipped fin and a large-scale design by Laing et
al. [4], an exterior clamped fin discussed by Walter et al. [5]
and a large-scale design discussed by Garcia et al. [6].

The storage material is selected based on a range of criteria
[7], including the melting temperature, which needs to be
paired with the system into which the unit is being integrated.
Many applicable storage materials have a low thermal
conductivity. This especially limits heat transfer during
solidification, during which natural convection is not possible

in the solid layer forming at the heat sink. While melting a
PCM, natural convection increases heat transfer when
dimensions, material properties and boundary conditions allow
for it.

To overcome the low thermal conductivity of PCMs, one
concept is to increase the surface area of the heat exchanger, as
discussed in the review papers by Jegadheeswaran and
Pokehar [8], Agyenim et al. [9], Liu et al. [10] and Gasia et
al. [11]. In a vertical shell-and-tube arrangement, the surface
areas of the tubes can be extended with fins made of a highly
thermally conductive material. Several designs of finned tubes
have been examined, including a branched design by Walter et
al. [5], a plate design by Laing et al. [12] and a different
branched design by Johnson et al. [13]. From these, especially
axially extruded fins are promising, because they have low
manufacturing costs, high stability and the vertical chambers
between fins allow for natural convection heat transfer and
density change during phase change.

The challenge in designing a finned shell-and-tube PCM
heat exchanger is to find an optimal tradeoff (for a given set of
capacity and power parameters) between tube distance, fin
fraction, fin thickness, fin surface area, and fin distribution and
shape throughout the domain, as well as considering physical
details such as manufacturability and attachment methods. All
of these parameters influence the performance, i.e. the heat



transfer rate, of a heat exchanger design. In this type of heat
exchanger design, the resulting heat transfer rate is dominated
by either heat conduction or natural convection.

However, the influence of natural convection in phase
change materials is not fully understood. The influence of
natural convection during melting of a PCM in simple
geometries has been studied by many researchers. An overview
is given by Dhaidan and Khodadadi [14]. Further research on
melting in rectangular geometries was done e.g. by Bareiss and
Beer [15], Bénard et al. [16], Jany and Bejan [17], Farid and
Husian [18], Shatikian et al. [19,20] and Vogel et al. [21].

During solidification, there is only a minor influence of
natural convection. The solidification process was studied, for
example, by Pointner et al. [22] and the difference of the
melting and solidification processes was investigated by Vogel
et al. [21], both for a flat plate storage system.

A shell and tube system with radial plate fins was analyzed
including the effect of natural convection during solidification
and melting by Muhammad and Badr [23]. However, results of
multiple fins including axial designs and the heat transfer
enhancement due to natural convection were not part of their
work.

A topology optimization approach of fin designs including
the effect of natural convection was presented by Pizzolato et
al. [24] and Pizzolato et al. [25]. . However, their work does
not show the actual heat transfer enhancement due to natural
convection in applied fin designs and the fundamental
optimization approach restricts the applicable manufacturing
methods.

Thorough investigations on the impact of natural
convection in practically used three-dimensional vertical fin
designs are not available in literature. It is clear that the heat
transfer enhancement of natural convection depends on the
dimensions of the PCM space between the fins. However, the
degree of influence and the spacing between the fins is not
clear. Currently, therefore, either the influence of natural
convection is neglected in the design phase, or computationally
extensive CFD analyses have to be conducted for each new
storage design.

To gain a better understanding of the design factors which
influence natural convection, we investigated melting of a
PCM in several different fin designs and the influence of
natural convection on their performance. All four designs were
first modelled with the same tube height in three dimensional
numerical simulations in ANSYS® Fluent [26]. To reduce the
large computational effort, only a small height section was
examined. In addition, for one of the designs, two additional
heights were analyzed.

This article first describes the four fin designs in section 2
and the numerical model in section 3. The results are visualized
and quantitatively analyzed in section 4 and discussed in
section 5. Our conclusions and outlook follow in section 6.

The purpose of this article is to find the impact of natural
convection on heat transfer during melting exemplarily for the
four presented fin designs. Therefore, a convective

enhancement factor is calculated that compares the solution
with natural convection to a hypothetical solution with only
heat conduction, as described by Vogel et al. [21]. With this
convective enhancement factor, natural convection may be
incorporated in the design process of latent thermal energy
storage (LTES) systems to optimize the charging time,
therefore improving the design process.

2. Description of fin designs

The fins are distinguished by their different geometries, the
tube spacing D, and the fin-PCM fraction:

fin = 7 1)

The first design, called "Organic” here, was designed for
maximum power levels and has a small tube spacing of
D, = 70 mm and a high fin volume fraction of f;, = 17.9 %,
see Figure 1 a). The design is discussed by Johnson et al in [13]
and the integration in [27]. The second design, "Plate”, was
designed by Laing et al [28] with a tube spacing of D, =
100 mm and a fin volume fraction of f, = 8.2 %, see Figure
1 b). The third design, called "Snowflake" here, was designed
by Laing et al. [4] with an intermediate tube spacing of
D, = 160 mm and a fin volume fraction of f;, = 14.3 %, see
Figure 1c¢). The fourth fin design, "Eco", was designed by
Hibner et al. [29] with a large tube spacing of D, = 230 mm
and a lower fin volume fraction of f;, = 9.0 %, see Figure
1d). This design was optimized with a techno-economic
analysis for maximum cost efficiency for integration in a solar
thermal power plant with direct steam generation. The fin
design parameters are given in Table 1.

Table 1: Fin design definition parameters.

Parameter Organic  Plate  Snowflake Eco
Type Axial Radial Axial Axial
Tube spacing D, / mm 70 100 160 230
Height 100 100 100 50,100,200
gi"}e;]?]be diameter 126 158 167 22.3
Fin fraction fg, / % 17.9 8.2 14.3 9.0

Numerical simulations of all designs were performed with
CFD-models in ANSYS® Fluent [26]. Due to the large
computational effort of the model in combination with complex
geometries, only a small height section was examined. This is
relevant for the analysis of the results and the conclusions that
can be drawn, since natural convection depends on the height
of the occurring liquid phase volumes [21]. For fin designs
Organic, Plate and Snowflake, the section height was H =
100 mm. The fin design Eco was modeled with heights
H =50 mm, 100 mm and 200 mm to additionally investigate
the influence of height.
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Figure 1: Geometries of the four investigated fin designs: a) Axial fin Organic with D, = 70 mm tube distance and 17.9 % fin to PCM fraction, b)
Radial fin Plate with D, = 100 mm tube distance and 8.2 % fin to PCM fraction c) Axial fin Snowflake with D, = 160 mm tube distance and
14.3 % fin to PCM fraction and d) Axial fin Eco with D, = 230 mm tube distance and 9.0 % fin to PCM fraction.

3. Numerical modeling

To investigate the heat transfer process of natural
convection, a section of a single tube of a shell-and-tube PCM
storage system was analyzed. The natural convection model
was restricted to small dimensions, because the small cell sizes
and time steps required to solve the heat and mass transfer
process lead to high computational effort. The model was
developed with the commercial software package ANSYS®
Fluent 16, where the incompressible Navier-Stokes equations
with Boussinesg-approximation in the buoyancy term of the

momentum equation, the energy equation and a source term
enthalpy method were solved using a finite volume
unstructured grid. With the Boussinesq approximation, a
constant density was assumed, and the buoyancy term was
linearized to directly depend on temperature. This also means
that neither was there a density change due to phase change,
nor did volume expansion occur. The remaining properties
were also assumed as constants. However, these effects are
minor and the validity of the Boussinesq approximation for the
present model was shown by Vogel and Thess [30] in



comparison to a more sophisticated model with volume
expansion.

A similar modeling approach as in this study was validated
by Vogel et al. [21] using temperature data of experiments of a
lab-scale flat plate storage system. Another similar modeling
approach was validated in more detail by Vogel and Thess [30]
using phase state, velocity and temperature data of the
benchmark experiment by Vogel and Bauer [31]. In this work,
we rely on using the same modeling approach as in the
previously validated models and only change the geometry of
the storage system.

3.1. Model simplifications

The following simplifications were used: 1) the flow in the
liquid phase of the PCM is incompressible and Newtonian, 2)
the sharp interface between the solid and liquid phase of the
pure PCM or eutectic mixture of multiple PCMs is represented
by a narrow so-called mushy region, where the material is
neither solid nor liquid but a mixture of both phases, 3) the
solid phase does not move — no sinking of the solid phase or
close contact melting occurs, 4) natural convection in the PCM
is laminar, 5) radiation and viscous dissipation are negligible,
6) the Boussinesq approximation is valid in this case and
density change (or volume expansion) of the PCM during
melting is negligible, and 8) constant thermophysical properties
of the PCM are sufficiently accurate.

3.2. Governing equations

The conservation equations of mass, momentum and energy
were solved with the Boussinesq approximation [32]: The
continuity equation with constant density is

V-u=0, )

where u = (u,v,w)T is the flow velocity in the x, y and z-

direction, respectively. The momentum equation with
buoyancy term F,, and a momentum source term S, is

du
pE+p(u-V)u=,uAu—Vp+Fb+Su, 3)

where p is the density, p is the pressure and u is the dynamic
viscosity. Here, A is the Laplace operator. With the Boussinesq
approximation, the Buoyancy term is

Fb = gpﬂ(T - Tm)éz- (4)

The buoyancy depends on the thermal expansion coefficient
B and a temperature difference to a reference temperature, at
which the density was specified. In this case the reference
temperature is the melting temperature T,.

The energy equation for the specific enthalpy h with an
enthalpy source term S, is

oh
pa—i-pv(uh)—kAT:Sh. )

The energy equation is transformed with the enthalpy-
porosity method, which has been developed and discussed by
Voller and Prakash [33], Brent et al. [34] as well as Voller and
Swaminathan [35]. The central idea of the method is to write
the enthalpy h as the sum of the sensible enthalpy h., and the
latent enthalpy hy,;:

h = hgens + hiate (6)
The sensible enthalpy is
T
Reens(T) = f cpdT’ (M

Tref

and the latent enthalpy is the product of the latent heat of
fusion L and the liquid phase fraction f;:

hiae = L. 8)

The liquid phase fraction is in general defined by the
temperature T in relation to the solidus temperature T, and the
liquidus temperature Ty:

0, T<T,
£=10..1, T,<T<T, 9)
1, T>T,

In the so-called mushy region, 0 < f; < 1, the material is
neither solid nor liquid, but in a state of melting or
solidification. In this region, a relationship between liquid
phase fraction and temperature has to be defined. ANSYS®
Fluent offers two variations of the enthalpy-porosity technique:
the melting point model [33] and the melting range model [35].
Although both methods are feasible, we obtained better results
with the melting point model in a previous study [30] and
therefore continued to use this model.

In the melting point model [33], a linear relationship over a
small temperature range of 2& between T, =T, —¢ and
Ty = T, + € is introduced and the liquid phase fraction is then
defined as:

0, T<T,—¢&
)T =T — %)
fi = — T —&<T<Tp+&, (10)
1, T>T,+¢

After introducing equation (6) in equation (5), dropping the
subscript “sens” and defining the energy equation source term
as

0
Sn=1 (& (of) +7-(p ufl)) 11)

the original form of the energy equation (5) is obtained with
the latent enthalpy being expressed in the source term:

d
a (ph) +V- (pUh) -V (kVT)
F (12)
=L (a (pf) + V‘(ﬂ“fl))-

To modify the velocities in the mushy region and in the
solid [33], another source term s introduced into the
momentum equation (3),

Su = —B(f)u, (13)

where a parameter B(f;), which depends on the liquid phase
fraction, is multiplied with the velocity vector. This parameter
has to be zero in the liquid phase to allow for free motion.
When the parameter B(f;) takes large values in the solid phase,
the velocities are forced to near zero values in the linear system



of equations of an implicit method [34]. While different
functions fulfil this requirement, most often the Carman-
Kozeny equation, which is derived from the D'Arcy law for
fluid flow in porous media[36], is used in a modified
form [32]:
(1-fH?
B(fp) = C———. 14
) =C g (14)
The original Carman-Kozeny equation would yield infinity
if the liquid phase fraction approached zero. To limit B(f}) to
numerically applicable finite values, a constant value q is
additionally added in the denominator. In ANSYS Fluent, the
value is fixed to g = 1073, The parameter C is called the
mushy region or mushy zone constant and is a model constant,
which replaces the physical properties in the Carman-Kozeny
equation. This constant has to be adjusted to the problem,
because it will influence the morphology of the mushy region,
as discussed by Voller and Prakash [33]. Investigations on the
influence of the value C were described by Shmueli et al. [37].
In our study, a standard value of 10° was used. We found that
using a melting point material, the solution is rather insensitive
to this parameter compared to a melting range material. With a
melting point material, the mushy zone is expected to be
narrow, approximately as wide as a computational cell, and to
exist only due to the discretization error.

3.3. Material properties, initial conditions and boundary
conditions

The materials used in these design concepts are discussed in
the papers detailing the design and integration of these fins. As
discussed in section 2, the Organic fin is discussed by Johnson
et al. [13,27], the Plate fin by Laing et al. [4,28], the Snowflake
fin by Laing et al. [4] and the Eco design by Hibner et al. [29].
In addition, Johnson et al. [38] discuss methods for attaching
fins to tubes in PCM storages and therein discuss the material
choices for finned tubes.

Phase change materials suitable for mid-range temperature
industrial applications are, for example, nitrate salts as
discussed by Bauer et al. [39] and Bauer et al. [40]. Of the
nitrate salts, sodium nitrate has a melting point suitable for
many applications. Furthermore, it is inexpensive and
available, can be easily handled and has a good cyclic stability.
The properties and characterization of sodium nitrate are
discussed by Bauer et al. [40] and Bauer and Laing [41]. The
material properties for this PCM as well as the fin material
aluminum 6060 and the tube material steel 1.4571, which are
used in this study, are given in Table 2.

Table 2: Thermophysical material properties. PCM material properties
density, heat capacity and thermal conductivity are mean values of
solid and liquid state near the melting temperature [40]. The dynamic
viscosity is given in the liquid state at temperature 311 °C [42].

vaterel property Uit (oo a'aos0  stdders
Density p kg/m=3  2010.5 2700 7800
Heat capacity c, J/(kg K) 1655 1020 480
Therm. cond. k W/(mK) 0.56 210 16.3
Melting point T, °C 306 - -
Latent heat L K] /kg 178 - -
Therm. exp. co. 8 1/K 3.5-10* - -
Dyn. viscosity u Pas 2.9-10° - -

Most of the properties of NaNO; are given by Bauer et
al. [40] in a temperature dependent form. However, the density,
heat capacity and thermal conductivity used in this study are
the mean values of the solid and liquid value near the melting
point. The thermal expansion coefficient is calculated from the
density gradient in the liquid phase near the melting
temperature Tp,:

10p
p==257l, - (15)
The dynamic viscosity is given by Janz [42], from which we
selected the value at temperature 311 °C.

A melting process is defined with an initially solid material
at an initial temperature (T, = T, = 306 °C) and a temperature
boundary condition (T,, =T, + 10 K=316°C) set at the
inner tube wall. All other sides of the domain are adiabatic.

The bottom of the domain is modeled as a no-slip wall. The
top of the domain is modeled with a slip boundary condition to
allow fluid motion in the liquid phase of the PCM, similar to a
free surface. The sides are also modeled with a slip boundary
condition, because of the symmetry to the neighboring finned
tubes.

3.4. Discretization

The governing equations were discretized with a pressure-
based finite volume method [43] and implicit time integration
with ANSYS® Fluent 16 [26]. The segregated solver was used
with the PISO method for pressure-velocity-coupling [44]. The
second order derivatives in the diffusive terms were
approximated by second order central differences, the first
order derivatives in the convective terms with a second order
upwind scheme. The interpolation of pressure values at the cell
faces was done with the PRESTQO! scheme [43]. The resulting
linear systems were solved with an iterative method with
algebraic multigrid acceleration [43].

The three-dimensional geometries of the four fin designs
were discretized with ANSYS® meshing [26]. The resulting
computational grids are shown for each of the geometries in
Figure 2.



a) Axial-70 Organic

b) Radial-100 Plate

c) Axial-160 Snowflake

d) Axial-230 Eco

Figure 2: Computational grids of the four investigated fin designs a) Organic, b) Plate, c) Snowflake and d) Eco. Solid materials, which are either
the steel tube or the aluminum fin, are shown in gray and the phase change material is shown in blue. Both the differences in geometries as well

as the grid structures are shown.

The radial plate fin could be meshed with a structured,
radially swept mesh using only hexahedron cells. For the axial
fins, a hybrid structured/unstructured mesh with mixed prism
and hexahedron cells was used. The tube thereby consists of
only structured hexahedrons, the fin consists of unstructured
hexahedrons and prisms. The PCM has a narrow inflation layer
to improve resolution in the boundary layer at the wall and

hexahedron and prism cells outside the inflation layer. The cell
sizes in the radial direction vary between a minimum and
maximum value with a transition rate of 1.3 and the size in the
axial direction is fixed. The number of control volumes, their
sizes in the radial and axial directions, and the time step length
are given in Table 3 for all of the meshes.



Table 3: Discretization properties of the four fin designs with height H = 100 mm.

Mesh property Axial-_?O Radial-100 Axial-160 Axial-230
Organic Plate Snowflake Eco
Number of control volumes 827,400 1,488,000 2,482,722 3,133,053
Cell size in radial direction/mm  0.25...0.5 0.5 0.25...0.5 0.25...0.5
Cell size in axial direction / mm 1 0.5 1 1
Timestep /s 0.1 0.05 0.1 0.1

In every time step, iterations were performed until all of the
convergence criteria were met. The scaled residual
convergence thresholds were set to 10 for both the continuity
and the momentum equations and 10 for the energy equation.

4. Results

To present our results, we first visualize the melting process
to show how it depends on the liquid phase fraction and how it
develops differently for each fin design. Secondly, we present
quantitative results of interest, which are the heat flux, liquid
phase fraction, convective enhancement factor and the
maximum velocity magnitude. Finally, a dimensional analysis
is performed, the results are presented in non-dimensional form
and a correlation function is derived for the mean convective
enhancement factor. At the end of the results section, we have
a clear understanding of the impact of natural convection on
the melting process and, due to the dimensional analysis, we
are able to extrapolate the results to other similar fin designs,

thereby improving and simplifying the design process for
LTES.

4.1. Visualization of the melting process

The melting process is governed by three primary variables:
the temperature, the liquid phase fraction and the velocity in
the liquid phase due to natural convection. Moreover, the
results are three-dimensional and transient with each
simulation having its own time-scale. This results in a large set
of data that has to be reduced for analysis. We created plots for
each fin design at three different liquid phase fractions to
illustrate the melting process and compare the different fin
designs. These liquid phase fractions are reached at different
times for each fin design. The results are shown in Figure 3 for
a liquid phase fraction f; = 0.25, in Figure 4 for a liquid phase
fraction of f; = 0.5 and in Figure 5 for a liquid phase fraction
of fi = 0.75.
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a) Axial-70 Organic (t = 200, fi = 0.24) b) Radial-100 Plate (t = 700 s, fi = 0.24)

c) Axial-160 Snowflake (t = 1400, fi = 0.24) d) Axial-230 Eco (t = 2700, f; = 0.25)

Figure 3: Simulation results visualized at times corresponding to f; =~ 0.25 and correspondingly different times t, allowing for a comparison of the
four designs at the same degree of melting. The solid phase boundary is depicted by gray surfaces, temperatures in the liquid phase at the outer
boundaries by transparent contours and velocities in the liquid phase at the outer boundaries by scaled vectors.
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a) Axial-70 Organic (t = 500, fi = 0.52)

c) Axial-160 Snowflake (t = 3100s, fi = 0.50) d) Axial-230 Eco (t = 5700, fi = 0.50)

Figure 4: Simulation results visualized at times corresponding to f; = 0.50. The solid phase boundary is depicted by gray surfaces, temperatures
in the liquid phase at the outer boundaries by transparent contours and velocities in the liquid phase at the outer boundaries by scaled vectors.
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310 311

a) Axial-70 Organic (t = 800s, fi = 0.74)

c) Axial-160 Snowflake (t = 5000s, fi = 0.75) d) Axial-230 Eco (t = 90005, fi = 0.75)

Figure 5: Simulation results visualized at times corresponding to f; = 0.75. The solid phase boundary is depicted by gray surfaces, temperatures
in the liquid phase at the outer boundaries by transparent contours and velocities in the liquid phase at the outer boundaries by scaled vectors.
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4.2. Heat flux and liquid phase fraction over time

The heat flux g"' on the inner tube wall and the liquid phase
fraction f; of the whole storage domain are plotted over time
for each fin design in Figure 6. These results were gained by

the aforementioned realistic natural convection model.
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c) Axial-160 Snowflake

Additionally, the heat flux gy,q and ficond. resulting from
a hypothetical heat conduction model, are added. By
comparing both results, we can already estimate the influence
of natural convection. We can also see that every fin design has
different levels and characteristic curves of the heat flux.
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d) Axial-230 Eco

Figure 6: Heat flux q"’ (black) and liquid phase fraction (gray) over time for each of the four designs. Results are plotted in solid lines for the full
natural convection model and in dashed lines for the hypothetic heat conduction model. The fin design d) Eco was investigated not only for a
height of H = 100 mm, but also for heights H = 50 mmand H = 200 mm.

For the Organic design, the power level is initially high due
to a small tube spacing D, and a high fin fraction fg,, see
Figure 6 a). But the power decreases quickly due to a relatively
small capacity. Melting takes around half an hour. The exact
melting times t,, are given in Table 4. We can also observe
that the melting process is dominated by heat conduction, since
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the curves for the natural convection and the heat conduction
models are similar.

The Plate fin, see Figure 6 b), has a lower heat flux g"" and
a larger capacity due to larger tube spacing D, and lower fin
fraction fg,, which leads to a higher melting time around one
and a half hours. Although the difference between the realistic
natural convection and the hypothetic heat conduction model is



slightly more distinguished, natural convection still only has a
minor impact.

The Snowflake fin with a larger tube spacing for a larger
capacity has a melting time of around two and a half hours, see
Figure 6 c). However, in this case, melting is dominated by
natural convection. With the hypothetical heat conduction
model, melting needs around five hours. This is also
approximately the time the solidification process would need,
because solidification is mostly dominated by heat conduction.

Finally, the design Eco with the largest tube spacing D; and
rather low fin fraction ff, was designed for a large capacity
and a discharge (solidification) time of eight hours, see Figure
6 d). This is also the time melting needs with the hypothetical
heat conduction model. However, melting with the realistic
natural convection model only needs around four hours in the
case with height H = 100 mm. With increasing height, melting
takes slightly longer, as is seen in the case with H = 200 mm.
With decreasing height, melting takes slightly less time, as can
be seen in the case with H = 50 mm.
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4.3. Heat transfer enhancement due to natural convection

To assess the heat transfer enhancement due to natural
convection, we used the same method as described in greater
detail in a previous article by Vogel et al. [21]. The idea with
this method is to compare the heat flux q' to the hypothetical
heat flux by heat conduction g/, 4. Since the time-scale of the
two models is different even for the same fin design, the heat
fluxes have to be evaluated at the same liquid phase fraction. A
convective enhancement factor can then be defined as the ratio

of heat fluxes at the same liquid phase fraction:

q"(f)
q”cond (fi)

The convective enhancement factor and the heat fluxes over
liquid phase fraction are plotted in Figure 7.

e(h) = (16)
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Figure 7: Convective enhancement factor e (red dash-dotted line), which is the fraction of heat flux by natural convection (solid black line) to heat
flux by heat conduction (dashed black line) evaluated at equal liquid phase fractions for each of the four designs.

Generally, heat transfer enhancement due to natural
convection increases with the liquid phase fraction. However,
natural convection induces thermal stratification and a curved
phase boundary [21], which inhibits heat transfer enhancement
at a later stage of melting. Therefore, there is always a more or
less pronounced maximum in the curves of the convective
enhancement factor ¢.

For the Organic fin, the convective enhancement factor ¢ is
close to one throughout the melting process with a maximum
value of € = 1.1. For the Plate fin, the convective enhancement
factor is also close to one for the majority of the time with a
sudden increase at the end of melting (f; = 0.95) with
maximum value € = 1.6. We can see from Figure 5b) that
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natural convection begins to play a major role once the PCM
between the fins is already melted and convection enhances
heat transfer to the distant solid PCM outside the fins. For the
Snowflake design, large values of up to € = 4.7 are found.
While ¢ only slowly increases at first, a sudden increase is
found at the end of melting. In this case again, natural
convection helps to increase heat transfer to the comparatively
distant solid PCM "islands" outside the reach of the fins,
compare Figure 4 c) and Figure 5 c¢). The fin design Eco with
height H = 100 mm has a lower maximum value of ¢ = 2.2
around f; = 0.75. The maximum value for case H50 is ¢ = 2.9
and for H200 it is € = 1.9. The curves of &, as well as ¢, are
more balanced, which originates from a favorable distribution



of the fin throughout the domain. Natural convection then leads
to a nearly constant heat flux during the melting process with
this fin design.

4.4. Maximum velocity magnitudes

To get an idea about the velocities occurring in the liquid
phase of the PCM during melting, we evaluated the maximum
velocity magnitudes over time and plotted the results in Figure
8 for all of the test cases. First of all, we can observe that the
flow in the Organic design is initially slow and only reaches
higher values in the later stage of melting. The fin designs
Snowflake and Eco obtain similar velocities at least for the
same height H = 100 mm. From the other heights — H =
50 mm and H =200 mm — we can see that the velocity
magnitude strongly depends on the height with higher
velocities at greater heights. The fin design Plate only leads to
comparatively small velocities, which can be attributed to the
small spacing between fins and the radial orientation of fins,
which inhibits natural convection.
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Figure 8: Maximum velocity magnitude plotted over liquid phase
fraction for all six of the analyzed design parameters.
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4.5. Dimensional analysis

The relevant dimensionless numbers of the described
physical problem are the aspect ratio A, the Rayleigh number
Ra, the time dependent Fourier number Fo(t), the Stefan
number Ste and the Prandtl number Pr:

H ATI3 t
A=—, =gﬂ , Fo(t) = a1,
w vq, l (17)
Cpl V)
Ste = 0.093, Pr = - = 8.57.
1
The driving temperature difference, AT = (T, — Ty,), iS

between the wall and the melting point of the PCM. The
characteristic length [ may be either the height of the PCM
volume H or, in analogy to melting in a rectangular enclosure,
the width of the PCM volume W. For fin designs, we define
the width W as a fraction of the liquid PCM volume Vpcy and
the fin surface area Agp,:

VPCM
Afin

We can then think of the width W as a measure of the average
space between fin branches. We thereby assume that melting
between fin branches is similar to melting in rectangular
enclosures.

There is an ongoing discussion on whether the width W or
the height H should be used as the characteristic length. While
research about natural convection in enclosures used the width,
e.g. Elder [45], theoretical scaling analysis revealed the height
as physically meaningful choice, e.g. Jany and Bejan [17]. In
the end, the characteristic length may be freely chosen, as long
as the aspect ratio A of the enclosure is taken into account. For
the present work, we calculated the dimensionless numbers
with the height H as well as the width W as the characteristic
length. The resulting scales and dimensionless groups are given
in Table 4.

w =

(18)



Table 4: Scales and non-dimensional groups for all six of the analyzed design parameters

Scale or group Axial-_70 Radial-100 Axial-160  Axial-230 Axial-230  Axial-230
Organic  Plate Snowflake EcoH50  Eco H100 Eco H200
tm /S 1766 5498 9484 13419 15115 18210
H / mm 100 100 100 50 100 200
W / mm 2.8 5.4 6.7 12.3 12.3 12.3
A 35.7 185 14.9 4.1 8.1 16.3
Ray 1.4-10°  1.4-10° 1.4-10° 1.8-10° 1.4-108 1.1-10°
Ray, 3.1-10° 2.2-10* 4.3.10° 2.6-10° 2.6-10° 2.6-10°
RA# = m% 87 1200 2900 6.5-10" 3.2-10* 1.6-10*
Foy(tm) 0.030 0.093 0.16 0.90 0.25 0.077
Fou(tm) 38 32 36 15 17 20
Ste 0.093 0.093 0.093 0.093 0.093 0.093
pr 8.57 8.57 8.57 8.57 8.57 8.57

Melting is initially dominated by heat conduction, but
natural convection sets in as soon as the liquid layer reaches a
critical size, so that the buoyancy forces due to temperature
gradients can overcome the viscous forces due to boundary
layers at the walls and at the liquid-solid interface. A criterion
for the transition from the pure conduction regime to a natural-
convection-affected regime in rectangular enclosures was
derived by Batchelor [46]. The flow is dominated by natural
convection, if

Ray

A4-

Ray,
> .
12 500

Assuming that this criterion is also valid for our fin designs,
all test cases should be dominated by natural convection except
the axial design Organic, which has the smallest tube spacing
D, =70 mm. This design is probably dominated by heat
conduction.

The onset of turbulence for natural convection in
rectangular enclosures was studied by Elder [47]. He found that
the flow is laminar for

(19)

Ray = Ra, A% < 101°. (20)

Using this criterion, all test cases are expected to be
laminar. However, the Rayleigh number for the axial fin design
Eco with larger height H = 200 mm is close to the threshold
value for turbulence. So, for larger heights, turbulence is
expected.

4.6. Influence of natural convection in dimensionless form

We continued our scaling analysis of previous publications
by Vogel et al. [21] and Vogel and Bauer [31]. Both works

investigated melting governed by natural convection in
rectangular enclosures. With a scaled time
N 15
trectangular = 0.78 Foy (¢t) Ste Ray; © A% (21)
1 1

= 0.78 Foy, (t) Ste Ray, 6 A™%,

the melting process was represented in dimensionless form,
either with the height H or the width W as characteristic
length.
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For this investigation, the idea was to apply the same
scaling procedure to fin designs. Therefore, we retained the
exponents and only adjusted the constant factor so that the
scaled time again ranges to 1 as average for all test cases:

15
t = 7.7 Foy(t) Ste Ray 6 A

1 1

= 7.7 Foy,(t) Ste Ra,, 6 A" 4.

The liquid phase fraction is drawn over time in Figure 9 a)
and over scaled time in Figure 9 b). Although we found a
slightly better scaling effect when further optimizing the
exponents of Ra and A, we decided to keep the same exponents
as in our previous investigations on rectangular
enclosures [21,31] to obtain a more general correlation while
accepting a slight decrease in accuracy.

(22)
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Figure 9: Liquid phase fraction plotted for each of the six parameters
a) over time and b) over scaled time.

Finally, to judge the impact of natural convection on the
melting process for a specific fin design in dimensionless form,
we used the convective enhancement factor already shown in
Figure 7. As in Vogel et al. [21], we calculated the mean values
of the convective enhancement factor for every test case. These
are plotted over scaling factors in Figure 10.

® Axial-70 "Organic” ¢ Axial-230 "Eco” H50
m Radial-100 “Plate” 4 Axial-230 "Eco” H100
A Axial-160 ”Snowflake” ¢ Axial-230 "Eco” H200

2.5

1.5

| \

‘ Linear fit function (23)

0.5

05 1 15 2 25 3 35 4 45 5 55 6

Mean convective enhancement factor €

Ra,* A"
Figure 10: Mean convective enhancement factor & plotted over scaling
factors for each of the design parameters, including the linear fit
function (23).

We used the Rayleigh number Rayy, and the aspect ratio A
as scaling factors, and retained the exponents from previous
studies. Alternatively, we can express the scaling factors using
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1 1
the height H as the characteristic length: Ray 6 A 2 =
1 3
Ray s A4,
From the data points of the mean convective enhancement
factors for the different test cases, we calculated a linear fit
function, analogously to Vogel et al. [21]:

1 4
1 RaW6A_Z < 1.33

€ =

1 1 4 ’ (23)
0.24 (RaW6A7) + 0.69 RaW6A_Z > 1.33

The linear fit function was found by minimizing the sum of
least square errors with a residual of 0.07 using the Microsoft

Excel solver add-in. The fit function was cut off at the
1

= 1
minimum possible value € = 1, which occurs at Ra,,°A™* =
1.33. The fit function is also limited by the laminar flow
regime, see Equation (20).

This correlation is intended to roughly approximate the
impact of natural convection during melting of a PCM in a
shell-and-tube system with extended fins. It shows how natural
convection increases with increasing Rayleigh number Ray,
and decreasing aspect ratio A. For example, fin designs with
lower fin fraction fg, and lower fin surface area Ag, will have
a higher characteristic width W and hence higher heat transfer
enhancement by natural convection. Moreover, geometries
with larger height H will have a higher aspect ratio and
therefore lower heat transfer enhancement by natural
convection.

5. Discussion

In the present study, we introduced an analogy to transfer
the scaling procedure of natural convection in rectangular
enclosures from previous research [21] to the not yet
established case of natural convection within spaces between
fin branches in more complex fin geometries. The question is
the extent to which this analogy is valid. The results of the
scaling procedure are shown in Figure 9. We showed that the
scaling procedure works out-of-the-box, but not as well as in
the case of the rectangular enclosure. An explanation for this is
that the compared fins were designed with differing design
goals. Obviously, the Plate fin is a large exception within
compared fins. But, despite the common assessment that
natural convection would be completely hindered in this fin
design, the evaluation in Figure 7 b) shows there actually is an
enhancement of heat transfer that fits in the scaling analysis.
Also, the axial fins are dissimilar. The design Snowflake was
one of the earliest axial fin designs for LTES and was
optimized more for the manufacturing process and less for the
heat transfer characteristic. It has larger spaces of PCM absent
of fin structure that lead to a lower heat transfer rate at the
beginning, but enhanced heat transfer due to stronger natural
convection at the end of melting, see Figure 7 c). This may also
be due to asymmetries in the design, resulting in a less steady
development of natural convection over the melting process.
Finally, the fin design Organic has very narrow spaces between
fin branches and therefore it is dominated by heat conduction
with a CEF near to unity, see Figure 7 a). Only for this test case
did the scaling procedure for natural convection only partially
apply and lead to larger deviations. A similar result was



already found in the previous investigation on rectangular
enclosures [21] for a case that was also dominated by heat
conduction.

An uncertainty is the validity of the equations (19) and (20)
for a system with phase change, since the correlations were
derived for single phase systems. We still may use them in the
following approximate sense: the height and width of the liquid
phase region will permanently change during melting.
However, at a certain point, the liquid region will be nearly as
high and/or wide as the height H and width W. As a result,
assuming the flow of a single phase fluid is governed by
natural convection or turbulence, then the flow in the liquid
phase of a phase change material is probably also governed by
natural convection or turbulence at some point during the
melting process.

An interesting question is the validity of the scaling
procedure and the resulting equation (23) for larger heights,
since large scale LTES systems have been designed with up to
H =6 m[13] and even larger heights seem feasible. The
present parameter study, however, includes only heights up to
H = 0.2 m, due to the large computational effort involved. The
upside is that we tested three height variations in this study,
further 7 height variations in the previous study on rectangular
enclosures [21] and validated the numerical modeling and
scaling procedure [31]. Hence, it is plausible that the presented
correlation also scales up to larger heights. The validity of the
presented correlation is still restricted until we analyze larger
heights. To include larger heights, we would have to think
about turbulence modeling, since equation (20) predicts
turbulent flow for H > 0.41 m in the present case.

6. Conclusions and outlook

The impact of natural convection on melting of a phase
change material was investigated in four different fin designs
with varying tube distance, fin volume fraction and fin type.
Three different heights were modeled for one of the fin designs
to additionally investigate the influence of height.

The visualization of the melting process gave a detailed
insight into the different characteristics of the natural
convection mechanism that occurred during melting.

The convective enhancement factor was calculated for
every fin design to analyze the impact of natural convection on
melting. An analogy for the characteristic width of a finned
tube to a rectangular enclosure was used to transfer previous
methods and results of a dimensional analysis. A scaling
procedure delivers adequate results in consideration of the
diverse fin designs and types.

A linear fit function for the mean convective enhancement
factor is presented that allows the estimation of the melting
process considering natural convection. With it, natural
convection may be incorporated in the design process of latent
thermal energy storage systems to optimize the charging time.
This allows for an improved and simplified design process for
latent thermal energy storages, which has not been possible to
date.

There are two overall results worth considering: firstly, the
impact of natural convection increases with larger continuous
areas of storage material, i.e. larger tube spacing and smaller
fin volume fraction. Hence, the decrease of heat transfer rate
with reduced amount of fin material is partially compensated.
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Secondly, large fin heights lead to decreased enhancement of
heat transfer by natural convection. A resulting design
principle is to segment long axial fins into shorter sections of
H =~ 0.1 m, which could be realized by inserting one plate fin
between every pair of adjacent axial fin sections.

To continue the present investigation and to increase the
accuracy of the derived correlation, more fin designs should be
examined. Also, more variations in height and especially larger
heights should be examined.
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